ABSTRACT Serotonin exerts a long-lasting excitatory action on sensory neurons of Aplysia californica by decreasing outward K+ current. The depression of outward current delays repolarization of the action potential and extends the duration of Ca2+ influx into the presynaptic terminals, thereby contributing to the facilitation of transmitter release that underlies behavioral sensitization. We have extended the analysis of serotonin's action and find that it acts on a specific serotonin-sensitive K+ current (S current), which is different from the early K+ current ('A), the delayed K+ current ('K), the Ca2+-dependent K+ current (IC), and the muscarine-sensitive M current. The serotonin-sensitive current in these cells persists when IA and IK are reduced by conditioning depolarization or channel-blocking agents. The S current is not activated by intracellular injection ofCa2+, nor is it affected by substitution of Ba2+ for Ca2+, a treatment that reduces Ic.
A number ofneurotransmitters produce long-lasting excitatory or inhibitory synaptic actions in neurons of both invertebrates and vertebrates (1, 2) . Some of these slow synaptic potentials involve changes in membrane currents that are different from the usual fast synaptic actions. Whereas fast excitatory synaptic actions typically result from the opening ofcation channels that allow movement ofNa+ and K+, several slow excitatory synaptic actions result from a transmitter's closing channels that are more selective for K+ (3) (4) (5) .
In the marine snail Aplysia, serotonin or activation of the presynaptic facilitating neurons, thought to release serotonin, produces a slow excitatory synaptic action by reducing a K+ current in the sensory neurons of the gill-withdrawal reflex pathway (6, 7) . This slow synaptic action is thought to be responsible for presynaptic facilitation of transmitter release, which underlies behavioral sensitization, a simple form of learning. The serotonin-modulated K+ current contributes importantly to repolarizing the action potential in the sensory neurons. Depression ofthis K+ current leads to a broadening ofthe action potential, which increases the influx ofCa2" and thereby enhances transmitter release from the terminals (6, 7) . Several -lines of evidence indicate that serotonin or a related substance is the presynaptic facilitating transmitter and that it produces its action by a cyclic AMP-mediated phosphorylation of the K+ channel or of a protein associated with the channel (8) (9) (10) (11) .
In this paper we have extended the analysis of the decreased K+ current in the sensory neurons ofAplysia by examining its relationship to four K+ currents previously described in molluscan (12) and other neurons (5, 13) : (i) the early K+ current (IA); (ii) the delayed K+ current (IK); (iii) the Ca2"-activated K+ current (Ic); and (iv) the muscarine-sensitive M current (see ref.
5). We have found three ofthese currents (IA, IK, and Ic) in the sensory cells. Serotonin does not affect any of these but rather acts on another K+ current with properties different from those described previously in other neurons.
METHODS
Aplysia californica 70-200 g in weight were used. Abdominal ganglia were dissected from the animal and pinned to a Sylgard dish, and the connective tissue sheath was opened. In some experiments the LE cluster of mechanoreceptor sensory neurons (14) was dissected out to isolate the cell bodies from their axonal trees; in others, cells were left in the ganglion. Results were qualitatively the same whether or not the cells were isolated. Sensory neurons were impaled with two glass microelectrodes filled with 2 M potassium citrate (resistance [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] MW) and were voltage clamped with a Dagan 8500 voltage clamp. In experiments in which Ca2+ was injected into the cells a double-barreled electrode was used: one barrel, filled with 2 M potassium citrate, was used for passing clamp current; the other, filled with 0.5 M CaCl2, was used for iontophoretic injection of Ca2' by a constant current source. Ca2O was injected under voltage-clamp, so the injected current was offset by-an equal and opposite current delivered by the clamp. The current read by the virtual ground monitor was thus equal to the membrane current induced by Caa2+ injection (15, 16) .
For most experiments, ganglia were bathed in artificial seawater (ASW) of the following composition, in mM: NaCl, 460; KCI, 10; CaCl2, 11; MgCl2, 55; Tris-HCI buffer (pH 7.6), 10 . In Ba2+-substituted seawater 11 mM BaCl2 was substituted for CaCl2. Channel-blocking drugs used in these experiments [tetrodotoxin (TTX; Calbiochem), tetraethylammonium chloride (Et4N+; Eastman), and 4-aminopyridine (4-AP; Sigma)] were first dissolved in distilled water and then diluted in the bath to achieve the desired final concentration. Serotonin creatinine sulfate (Sigma) was dissolved in ASW or in distilled water and 0.1 mM was added to the recording chamber. Experiments were done at 20-23°C.
RESULTS
Klein and Kandel (6) found that presynaptic facilitation is associated with a slow excitatory postsynaptic potential (EPSP) in Abbreviations: ASW, artificial seawater; TTX, tetrodotoxin; Et4N+, tetraethylammonium; 4-AP, 4-aminopyridine; 5-HT, 5-hydroxytryptamine (serotonin); EPSP, excitatory postsynaptic potential.
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The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 -80 to -30 mV were given, the first to activate IA and allow it to inactivate, and the second to demonstrate its continued reduction by prior inactivation. IA is activated in steps 1 and 3 and inactivated by approximately 30% in steps 2 and 4 of the pairs. The pairs of voltage-clamp pulses to -30 mV were given every 5 sec, in ASW with 50 uM TTX. Each step of the pair was 400 msec long, and the interval between steps in the pair was 65 msec. After addition of 5-HT, the total outward current is decreased, as is evident in the currents in steps 3 and 4. The decrease is not smaller in step 4 as compared to step 3, despite inactivation of IA. (C) Superimposition of the traces illustrated in B at a faster sweep speed. Steps 1 and 3 (IA activated) and steps 2 and 4 (IA inactivated) have been superimposed. Despite significant inactivation of IA,the decrease in outward current in response to 5-HT is not decreased. This is expected, because the 5-HT-sensitive current inactivates very little during the short period between the voltage steps. by depolarizing voltage steps from hyperpolarized holding potentials. It can be activated with steps to -30 or -20 mV, levels of depolarization at which little or no delayed K+ current is present (Fig. 2AI ). IA reaches a peak near the beginning of the step and rapidly decays to a low steady-state level.
The serotonin-sensitive current has different properties. Serotonin decreases outward current throughout the entire duration of a long depolarizing command. In fact, reduction of outward current by serotonin is greater later in the step, after IA has largely inactivated ( Fig. 2A) . In addition, the effect of serotonin contrasts markedly with the effect of 4-AP (5 mM), which blocks the early K+ current ( Fig. 2A and B) . The outward current sensitive to 4-AP (obtained by subtracting the current elicited in a solution containing serotonin and 4-AP from the current in serotonin alone) has an early onset and decreases rapidly. By contrast, the current modulated by serotonin (obtained by subtracting the current in serotonin from that in normal sea water) persists throughout the 300-msec pulse.
Another approach to examining the relationship of the serotonin-sensitive current to the early K+ current is to reduce the early K+ current by voltage-dependent inactivation and to determine whether the current modulated by serotonin is changed when the early K+ current is significantly decreased. We inactivated IA by presenting repeated depolarizing commands or by holding at a depolarized level (-30 mV) and found that inactivation of IA does not decrease the response of the outward current to serotonin. Fig. 2B (12) . It is similar to IA in that it inactivates during prolonged depolarizing steps. When a sensory neuron is clamped at -50 mV so that the early K+ current is partially inactivated, a depolarizing command to +10 mV elicits an outward current that peaks in about 100-200 msec and then decays to a steady-state level (Fig. 3) . The peak outward current during the early part of the step can be reduced in two ways: (i) it can be blocked pharmacologically by 10 mM Et4N' (Fig. 3A) , and (ii) it can be inactivated by prior depolarization (Fig. 3B) . Blockage of the delayed K+ current with Et4N' yields a difference current that first increases and then declines (IK) (Fig. 3A2) . By contrast, serotonin reduces an outward current that increases throughout the first few hundred msec ofa voltage step and does not decline thereafter. Because the outward current modulated by serotonin is present when IK is blocked, it is clearly independent of the activation of IK. Furthermore ( Fig. 3 B and C) , reduction of the delayed K+ current by inactivation does not decrease the responsiveness of the residual outward current to serotonin. In two experiments, the net outward current in the second of a pair of steps was inactivated by 28% compared to the first; nonetheless, the absolute serotonin response (mea- (12, (18) (19) (20) (21) . The I-V relationship ofthe sensory cells also has this N shape, and this component ofthe I-V curves is eliminated by substituting Ba2+ for Ca2+. Moreover, injection of Ca2+ into these cells activates an outward current, whereas Ba2+ injection does not (see also refs. 15 and 16).
We assessed the action ofserotonin on the Ca2+-activated K+ current in two ways. First, we diminished the contribution of the Ca2+-dependent K+ current by substituting Ba2+ for Ca2+ and generated 1-V curves ofcells bathed in normal or Ba2+-substituted seawater before and after application ofserotonin. Serotonin reduced the residual outward current equally whether the Ca2+-activated K+ current had been blocked or not (Fig. 4A) (Fig. 5) . These results, together with those obtained with Ba2e substitution, strongly suggest that serotonin acts on a current different from the Ca2"-activated K+ current.
Properties of Serotonin-Sensitive Current (S Current). Our data also illustrate certain features of the serotonin-sensitive current, which, for convenience, we propose to call S current. The I-V relationship shows that the difference between currents before and after serotonin increases in a voltage-depen, dent manner with small depolarizations and suggests that the serotonin-sensitive current is voltage dependent (8, 9) . Voltage dependence is also implied by the reduction of outward relaxation tail currents that occurs in serotonin (Fig. 3A1 ). This current appears to be activated at the resting potential (-50 mV). It remains active during an action potential and contributes to its repolarization. The S current is present in the steady state even at depolarized potentials. Thus, unlike IA and IK, the S current does not inactivate readily, if at all. In addition, this current is not affected by Et4N ' at concentrations that decrease IA and IK significantly (12, 19, 20 In some respects the serotonin-sensitive current is similar to another K+ current which has been found to account for the depolarizing action of muscarine on frog sympathetic ganglion cells. This current, called the M current by Brown and Adams (5) , is voltage dependent, begins to activate at about -60 mV, and is different from the early K+, the delayed K+, and the Ca2e-activated K+ current in these cells. However the closing of M channels by muscarine is apparently not dependent on a second messenger and can be mimicked by Ba2+ (13) . Conversely, S current is not affected by carbachol (22) , a cholinergic agonist, or Ba2+, and its reduction by serotonin does involve a second messenger. It is possible, however, that these differences reflect different receptor mechanisms for the S and M currents rather than differences in the channels themselves.
The S current is different from the Ca2+-activated K+ current described by Meech (18) and subsequently studied by others (12, 15, 16, 21, 23, 24) . Nevertheless, we have observed that removal of external Ca2+ or addition of Ca2" channel blockers such as Cd2+, Co2+, and Ni2+ reduces the response elicited by serotonin. We cannot easily tell, however, whether these treatments have a direct effect on S current or whether they interfere with the binding of serotonin or at some subsequent enzymatic step in the serotonin response. Because intracellular injections ofCa2+ do not activate the serotonin-sensitive current, it seems unlikely that intracellular Ca2+ is required for activation of the channel. However, there is a body of evidence which indicates that serotonin exerts its effect in these cells via cyclic AMP, and Ca2+ may be necessary for the action ofone or more ofthe cyclic AMP-related steps that occur within the cell (25) . In an analysis of a similar serotonin response in neurons of Helix, PaupardinTritsch et al. (3) concluded that serotonin affects a K+ current that is similar to Ic. However, they noted that intracellular injection of EGTA blocked Ic but did not reduce the response to serotonin. This result would be expected if the Ca2+ requirement of the serotonin response were at an extracellular site, although other interpretations are possible.
The S current in Aplysia sensory neurons makes a substantial contribution to the total outward current during the action potential. Reduction of this current thus causes prolongation of action potentials, which contributes to presynaptic facilitation by prolonging the Ca2+ influx (6, 8) . Other possible effects of a reduction in such a K+ current include a lowered threshold for spike initiation, repetitive firing, and enhanced electrotonic propagation of subthreshold signals.
Serotonin may subserve similar modulatory functions in vertebrates. Grafe et aL (26) have proposed that the slow serotonergic EPSP in ganglion cells of the guinea pig myenteric plexus that is thought to gate transmission ofsignals from the dendrites through the soma to the axon (27) is caused by reduction in a Ca2+-dependent K+ conductance. VanderMaelen and Aghajanian (28) have found that serotonin modulates the excitability of facial motor neurons in the rat and suggested that this effect may also result from a decrease in a K+ conductance.
The conductance we describe here has added significance because its modulation is associated with the alteration in synaptic strength that causes sensitization, a simple form of learning. The series of events that culminates in sensitization is initiated by activation of a serotonin-sensitive adenylate cyclase that leads to phosphorylation of a specific protein (11) and the closing of a particular class of K+ channels. Other ion channels in the membrane are not involved in this action. The fact that a specific channel protein is critically modulated in short-term sensitization by a cyclic AMP-dependent protein phosphorylation suggests possible approaches for a detailed molecular exploration of this form of learning. Finally, since sensitization shares features with classical conditioning, a form of associative learning shown by the siphon and gill-withdrawal reflexes, classical conditioning may therefore also produce modulation ofthis K+ current.
